The influence of metal cations which have various valences [mono-(Na + ), bi-(Ba 2+ ) and trivalent (Al 3+ )] at different concentrations (0.001-0.1M) on the behaviour of nanosilica (0.5%wt. and 5%wt.) in aqueous media is analyzed using both photon correlation spectroscopy (particle-size distribution) and electrophoresis (zeta potential, ζ). The zeta potential and the particle-size distribution with respect to the particle volume of nanosilica was found to strongly depend on the silica content, concentration, and valence of cations of dissolved salts. An increase in the latter can cause a change in the sign of the zeta potential.
INTRODUCTION
Solid particles having sizes smaller than 100 nm (nanoparticles) have properties different from those of larger particles (Gun'ko and Turov 2013; Gun'ko et al. 2001; Hosokawa et al. 2012; Schmid 2006 Schmid , 2008 . Nanoparticles possess unique mechanical, electrochemical, catalytic, thermal and other characteristics (Bałdyga et al. 2009; Batz-Sohn 2003; Ding et al. 2009; Gun'ko and Turov 2013; Gun'ko et al. 2001; Hosokawa et al. 2012; Iler 1979; Schmid 2006 Schmid , 2008 Seekkuarachchi et al. 2008 ). These properties allow them to be used as essential components in composite materials (nanocomposites). The properties of many nanoscaled materials have not yet been adequately studied because the history of nanomaterials is relatively short. Particle-size distribution (PSD) of nanomaterials in various media and their behaviour in aqueous media [governed by electrophoretic (zeta) potential, ζ, PSD and adsorption of ions] are of significant importance when analyzing these materials. In addition, the effects of concentration of nanoparticles in aqueous media as well as the dissolution of various salts and other solutes and their interactions with nanoparticles could be of significant importance in their application (Bałdyga et al. 2009; Batz-Sohn 2003; Ding et al. 2009; Gun'ko and Turov 2013; Gun'ko et al. 2001; Hosokawa et al. 2012; Iler 1979; Schmid 2006 Schmid , 2008 Seekkuarachchi et al. 2008) .
In colloid systems, which consist of liquid dispersion media and solid dispersion phase, the distribution of ions in the liquid phase and at a surface of solid particles causes the formation of electrical double layer (EDL). The EDL around solid particles can be considered as a layer in which the distribution of ions differs from that in the bulk liquid far from particles (Delgado et al. 2005; Hunter 1981 Hunter , 1989 Lyklema 1991 Lyklema , 1995 .
The EDL can be considered as composed of several sub-layers characterized by varying mobilities of both ions and solvent molecules, especially under the action of external fields. The main parameter of the slipping plane of EDL is electrophoretic potential (or zeta potential), which determines the electrophoretic mobility of particles in the external electrostatic field, as well as the distribution of counterions in the diffuse layer. The zeta potential of nanoparticles is one of the parameters governing the electrokinetic phenomena at the interfaces (Delgado et al. 2005; Gun'ko et al. 2014; Hunter 1981 Hunter , 1989 Tandon et al. 2008) .
The characteristics of the EDL strongly depend on the morphology and nature of the surfaces of particles in the dispersion phase (Gun'ko et al. 2001 (Gun'ko et al. , 2014 . To reduce this influence, nanosilica can be used. Nanosilica is composed of almost spherical non-porous nanoparticles with a relatively narrow distribution of primary nanoparticles and weak acid surface characterized by low charge density in the range of pH used in this work. Fumed silica is well-known and studied by many authors for this purpose (Gun'ko and Turov 2013; Gun'ko et al. 2001 Gun'ko et al. , 2014 Iler 1979) . The aim of this work is to study changes in electrical and physical properties of the aqueous suspensions containing various dissolved salts.
EXPERIMENTAL PROCEDURE 2.1. Materials
Pyrogenic fumed silica (nanosilica) (pilot plant at the Chuiko Institute of Surface Chemistry, Kalush, Ukraine, 99.8% purity) with specific surface area (S BET ) of 230 m 2 /g (PS200) was used in this study as a representative sample of nanosilicas. Electrophoretic mobility and PSDs were studied with a Zetasizer Nano ZS (Malvern Instruments) apparatus using a universal dip cell (ZEN1002) and a disposable polystyrene cell (DTS0012) for zeta potential measurements. Distilled water with certain amounts of a dissolved salt (0.001-0.1M NaCl, BaCl 2 and AlCl 3 ) and nanosilica PS200 were used to prepare suspensions that were sonicated for 2 minutes using an ultrasonic disperser (Sonicator Misonix; power 500 W and frequency 22 kHz). The suspensions were equilibrated for 24 hours.
According to the Smoluchowski theory, a linear relationship exists between the electrophoretic mobility U e and the ζ potential
where A is a constant for a thin EDL at κa >> 1 (here, a denotes the particle radius and κ is the Debye-Hückel parameter). For a thick EDL (κa < 1), at a pH close to the isoelectric point (IEP), the equation with the Henry correction factor is more appropriate
where ε is the dielectric permittivity and η is the viscosity of the liquid (Delgado et al. 2005; Gun'ko et al. 2014; Hunter 1981 Hunter , 1989 . Numerical values of ε and η are set during the measurements.
Electrophoretic Mobility and Particle-Size Distribution
The effects of nanosilica content, cation valence, amount of metal chlorides and values of pH were analyzed with respect to the effective diameter of nanoparticles (D eff ), the PSDs and the zeta potential (ζ). Figure 1 shows the values of zeta potential at low (0.5% wt.) and high (5%wt.) content of fumed silica in the presence of dissolved salts of monovalent (NaCl), bivalent (BaCl 2 ) and trivalent (AlCl 3 ) metals. Addition of various salts results in significant changes in the zeta potential of silica nanoparticles. The values of ζ demonstrate a non-linear dependence on the value of cation charge [ Figure 1 (a)]. The effects of BaCl 2 at C salt = 0.01M and both silica contents (0.5%wt. and 5%wt.) lower the ζ value ( Figure 1) .
The monovalent cation Na + leads to the negative value of the zeta potential for both concentrations of nanosilica (0.5%wt. and 5%wt.). However, for the trivalent cation Al + , a positive value of zeta potential for whole range of salt concentration studied was noted.
In the case of bivalent electrolyte BaCl 2 , for the same concentration range C salt = 0.02-0.04M, the value of zeta potential changes dramatically [ Figure 1(a) ]. Such a change in the value of zeta potential indicates a strong compression in the diffuse layer, and enhancement of the amount of the corresponding ion in the external electrode. At C BaCl2 > 0.032M, a recharging of nanosilica surface is observed.
An increase in the ζ absolute value of aqueous silica suspensions in the presence of monovalent cation Na + and bivalent Ba + is caused by an increase in the silica concentration [ Figure 1(b) ]. Figure 1 shows that the zeta potential sign (positive or negative) changes with increasing pH. This occurs earlier at a higher valence of cations. The equivalent adsorption of Al 3+ is associated with its high charge and relatively small size. Therefore, Al 3+ cannot occupy a space in which there is an equivalent number of opposite sign charges. Consequently, surface charges are not completely compensated. These non-compensated charges result in particle recharge and change in ζ potential sign.
Monovalent cation adsorption onto the silica surface can be explained as follows:
The following reactions are responsible for the adsorption of bivalent cations at the oxide-electrolyte interface:
SiOH
SiOH As can be seen from equations (4) and (5), the adsorption of cations releases the protons from hydroxyl groups. An increase in pH will favour the adsorption of cations at the metal oxide-electrolyte interface.
To understand the interaction between charged sites of the nanosilica surface and trivalent cations, the following equations should be considered:
We thus investigated the influence of cations with various valences on the dispersion and electrical characteristics of nanosilica suspensions at various electrolyte concentrations (0.001-0.1M). To our knowledge, this is the first time such an investigation was performed. The result of this investigation allows to identify the influence of the bivalent (Ba 2+ ) and trivalent (Al 3+ ) cations on the behaviour of concentrated nanosilica suspensions (0.5-5%wt.). The increasing cation charges leads to changes in the adsorption of cations Na + , Ba 2+ and Al 3+ on the silica surface. This results in changes in the composition of the EDL.
Addition of different salts to the SiO 2 -H 2 O system not only results in significant changes in the zeta potential of particles but also results in changes of pH ( Figure 2 ). Previous investigations have shown that the addition of an electrolyte (NaCl or NaClO 4 ) does not change the pH PZC or pH IEP value of the salt-SiO 2 -H 2 O system. The pH values of the PZC and IEP of fumed silicas are approximately 2.2-3.0 (Gun'ko et al. 2001 (Gun'ko et al. , 2014 . The maximum changes in the pH values are observed for the AlCl 3 -SiO 2 -H 2 O system. The smallest one is observed for the BaCl 2 -SiO 2 -H 2 O system. When C salt is greater than 0.05M, the pH of the salt-SiO 2 -H 2 O system becomes constant.
Changes in pH indicate the rapid exchange (adsorption) of H + with the metal cations at low concentrations. Subsequent increase in cation concentration does not lead to stronger ion exchange.
Changing the content of nanosilica in the suspension (from 0.5%wt. to 5%wt.) enhances the number of sites available for ion exchange ( SiO -), which in turn results in the reduction of suspension pH. Such a trend is characteristic of ion exchanges when cation valence is 1 to 3.
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The changes in the state of the dispersion system (salt-SiO 2 -H 2 O) is accompanied by (i) changes in the effective diameter of silica nanoparticles, compared with salt content (maximum change is observed for Ba 2+ ); (ii) addition of electrolytes with different charges of cations, which causes enhanced aggregation of the primary silica nanoparticles (the aggregate diameter grows from 16 nm in pure water to 40-50 nm in the NaCl and AlCl 3 solutions) and stabilized aggregates (340-1300 nm) and agglomerates (5000 nm; Figure 3) .
In both systems, SiO 2 -H 2 O and salt-SiO 2 -H 2 O, the PSDs depend on the silica concentration and the cation charge [ Figures 4(a and b) ]. It was shown (Schmid 2008 ) that an increase in the silica concentration in the SiO 2 -H 2 O system can lead to an increase in the aggregate diameter. This can be seen from the comparison of curves in Figure 4 . In the sonicated aqueous suspension of silica at C PS200 = 5%wt., a significant amount of the primary particles is observed [D eff = 16 nm, Figure 4(b) ], although the aggregates of 1100-nm size are also observed.
The primary particles are not observed in the aqueous suspension of silica at C PS200 = 0.5%wt; instead, only the aggregates measuring 190 nm are observed [ Figure 4(a) ]. Addition of electrolytes into the system at C PS200 = 0.5%wt. results in changes in the character of the PSDs (from monomodal to bimodal or trimodal in dependence). The greatest changes in the PSDs are obtained for AlCl 3 -SiO 2 -H 2 O.
Addition of electrolyte to the SiO 2 -H 2 O system at C PS200 = 5%wt. leads to disappearance of individual primary silica particles because aggregates (50-1300 nm in size depending on metal cation valence) and a small amount of agglomerates (about 5000 nm in size) are formed [ Figure 4(b) ].
CONCLUSION
The electrophoretic behaviour (zeta potential), PSDs with respect to particle volume of nanosilica PS200 and the effective diameter depend strongly on silica content, concentration and valence of cations (Na + , Ba 2+ , Al 3+ ). Addition of monovalent cation (Na + ) leads to the negative value of the zeta potential for both concentrations of nanosilica (0.5%wt. and 5%wt.). The increasing charges of cation from being a monovalent (Na + ) to a trivalent (Al 3+ ) leads to changes in the value of cations adsorbed on the silica surface. This results in recharging of nanoparticle surface and changes in the structure of the EDL.
The changes in the state of the dispersion system (salt-SiO 2 -H 2 O) is accompanied by (i) changes in the effective diameter of silica nanoparticles, compared with salt content (maximum change is observed for Ba 2+ ); (ii) addition of electrolytes with different charges of cations, which causes enhanced aggregation of the primary silica nanoparticles (the aggregate diameter grows from 16 nm in pure water to 40-50 nm in the NaCl and AlCl 3 solutions) and stabilized aggregates (340-1300 nm) and agglomerates.
